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S targardt disease (STGD1) is the most common single gene retinal dystrophy caused by mutations in the ATP-binding cassette subfamily A member 4 (ABCA4, Online Mendelian Inheritance in Man #601691) gene. [1] [2] [3] [4] [5] Dysfunction or loss of function of the encoded protein leads to excessive accumulation of lipofuscin in the lysosomal compartment of retinal pigment epithelium (RPE) cells. Lipofuscin is an intracellular fluorophore that is predominantly derived from vitamin A compounds. It is assumed to have toxic effects on RPE cells and to lead to primary RPE atrophy. 4, 5 Due to its variable clinical presentation, STGD1 can be classified by phenotypic manifes-tation, 6, 7 or by age of onset in early-onset, intermediate-onset, and late-onset STGD1. 8 In contrast to STGD1, age-related macular degeneration (AMD), the leading cause of blindness in industrial countries, is a complex, multifactorial disease. Chronic inflammatory processes, lipofuscin accumulation in the RPE, complement system dysregulation, and vascular factors have been implicated in the pathogenesis. 9 In advanced disease, AMD can present with neovascular and/or atrophic complications. Neovascular AMD is characterized by the growth of abnormal blood vessels accompanied by leakage of fluid and blood. Late-stage nonexudative AMD, similar to STGD1, is characterized by RPE atrophy at the posterior pole. 10 Thus, similarities in clinical manifestation between late-onset STGD1 and late-stage AMD may result in misdiagnosis of patients. 11 In view of the growing number of therapeutic trials, [12] [13] [14] [15] [16] STGD1 and AMD should be distinguished as to pathogenesis, and, therefore, therapeutic approaches are different.
As RPE and the choroid represent a coadjutant functional complex, vascular changes are present in both disaeses. [17] [18] [19] [20] Histopathologic studies of STGD1 revealed a loss of choriocapillaris (CC) within areas of RPE atrophy and preserved choroid outside of RPE atrophy. [21] [22] [23] In contrast, AMD as a multifactorial disease showed inconsistent histopathologic results as there may be transition zones from intact to absent CC as well as CC breakdown preceding outer retinal degeneration. 9, 24, 25 In this context, hypofluorescence in areas of RPE atrophy during late phases of indocyanine green angiography (ICGA), used to visualize choroidal vasculature, 26, 27 was found to be more common in STGD1 compared to AMD. 28 The introduction of optical coherence tomography angiography (OCT-A) allows for noninvasive in vivo visualization of blood flow with three-dimensional resolution. Nevertheless, all reports so far describe a loss of CC within areas of RPE atrophy. 29 A recent OCT-A study focusing on the CC layer in areas of RPE atrophy found extensive loss of CC and Sattler's layer in STGD1, whereas AMD patients only showed rarefied CC, suggesting a possible explanation for the different occurrence of ''dark atrophy'' in ICGA late phase in STGD1 as described before. 30 Nevertheless, in areas of RPE atrophy, a quantitative measurement as well as an evaluation of deeper choroidal layers is pending. Furthermore, differences for the area outside of RPE atrophy have not yet been evaluated.
Here, we used noninvasive high-resolution swept-source OCT-A to test the hypothesis that there are differences in choroidal blood flow in areas inside and outside of RPE atrophy in STGD1 and AMD. The aim of the study was to comparatively investigate qualitative and quantitative flow signal alterations in these diseases.
METHODS
This prospective study was performed at the Department of Ophthalmology at the University of Bonn. The study was in adherence with the Declaration of Helsinki. Institutional Review Board approval (Ethikkommission, Medizinischen Fakultät, Rheinische Friedrich-Wilhelms-Universität Bonn, ethics approval ID 089/08 and 027/08), and informed consent from all subjects was obtained.
Patient Characterization
Patients with RPE atrophy areas ‡0.05 mm 2 secondary to STGD1 or AMD were included. RPE atrophy was defined as clearly demarcated definitely decreased fundus autofluorescence (FAF) under short-wavelength excitation light (488 nm) in combination with hypertransmission in optical coherence tomography (OCT). 31, 32 Insufficient pupil dilation, additional retinal pathology, previous retinal treatment, or other ocular comorbidities substantially affecting visual function or image quality (e.g., significant media opacity, amblyopia or optic nerve disease) led to exclusion from the study. The diagnosis of AMD was based on soft drusen and other retinal alterations consistent with the disease, 9 while the diagnosis of STGD1 was based on (1) a compatible phenotype (yellow-white flecks that correlated with hyperautofluorescent flecks on FAF imaging) and (2) the presence of at least one mutated ABCA4 allele as well as the absence of mutations in peripherin-2 (PRPH2). To avoid potential confounding, patients exhibiting ''diffusetrickling geographic atrophy'' were not included, as choroidal insufficiency has been previously implicated in the pathogenesis. [33] [34] [35] [36] [37] Genetic testing was conducted at the Institute of Human Genetics, University of Regensburg (n ¼ 7), and at the Center for Human Genetics Bioscientia, Ingelheim (n ¼ 6). Analysis of all coding exons of the ABCA4 and PRPH2 genes was done by either direct chain-terminating dideoxynucleotide Sanger sequencing, a custom-designed GeneChip CustomSeq Resequencing Array (RetChip; Affymetrix, Santa Clara, CA, USA), or next-generation sequencing (Regensburg, n ¼ 5; Bioscientia, n ¼ 6). Two patients (#1 and #3) were screened for known mutations/polymorphisms using the Asper Ophthalmics ABCR400 microarray followed by Sanger sequencing to confirm selected variants. 38 Only STGD1 patients with a minimum age of onset (first reported subjective symptoms) of 45 years were included as defined previously. 38, 39 Healthy subjects without retinal pathology served as controls.
Image Acquisition
All subjects underwent a complete ophthalmologic examination including best-corrected visual acuity (BCVA) testing using Early Treatment Diabetic Retinopathy Study (ETDRS) charts, 40 slit-lamp examination, and funduscopy, as well as a standardized imaging protocol after instillation of 0.5% tropicamide and 2.5% phenylephrine to a pupil diameter of at least 7-mm diameter.
The imaging protocol consisted of fundus photography (Visucam; Carl Zeiss Meditec, Jena, Germany), FAF imaging (488 nm; 308 3 308 square; 1536 3 1536 pixels) using a confocal scanning laser ophthalmoscope (cSLO; Spectralis HRA; Heidelberg Engineering, Heidelberg, Germany), spectral-domain OCT (258 3 308; 121 scans with up to 100 images averaged; Spectralis HRA-OCT; Heidelberg Engineering), and OCT-A (PLEX Elite 9000 Swept-Source OCT; Carl Zeiss Meditec, Inc., Dublin, CA, USA). The OCT-A images were acquired using a macula scan pattern of 6 3 6-mm field of view, formed by 500 horizontal A-lines at 500 vertical locations with two repeated scans in each fixed location (a total of 500,000 A-lines acquired per OCT-A cube). Each A-line was acquired over a depth of 3 mm and contained 1536 pixels.
Image Processing and Analysis
Areas of RPE atrophy (Area2) and optic nerve head were measured based on FAF images using a semiautomated processing software (RegionFinder, version 2.6.2.0; Heidelberg Engineering), previously validated for retinal degenerations. [41] [42] [43] In the presence of questionably decreased FAF, the structural swept-source OCT data were also taken into account. Specifically, we evaluated the structural data for presence/absence of RPE atrophy and hypertransmission of signal into choroid. The area outside of RPE atrophy excluding the optic nerve head was defined as Area1.
Three-dimensional OCT-A data were processed by a general sliding slab method in order to remove decorrelation tail artifacts within the volume ( OCT-A en face images were then generated from the artifact-corrected volume using a maximum-intensity projection of the following defined slabs, using the segmentation surfaces: inner limiting membrane segmentation to the RPE segmentation (''whole retina slab''); þ10 to þ40 lm interval beneath the RPE-Fit segmentation (with positive sign indicating increase in depth), presumably representing predominantly CC blood flow (''CC-slab''); and þ64 lm, þ115 lm interval beneath the RPE-Fit segmentation, presumably representing deeper choroidal blood flow (''CHslab''). To improve signal-to-noise ratio in the CC-slab, image processing was applied (Supplementary Material): (1) The imaging data was downscaled to 512 3 512 pixels. Thus, each pixel represented the average of four pixels leading to noise reduction since noise tended to follow a random pattern, while flow signal or absence-of-flow signal (AFS) was spatially correlated. (2) Taking information from the structural OCT data, a compensation of signal attenuation was achieved and shadowing by flecks or drusen could be minimized in analogy to a previously described method. 44 Further, we reanalyzed all data using a second more conservative approach by excluding all areas of flecks and/or drusen, as presented in Supplementary Material (see Ref. 45 ).
FAF images with the respective grading were subsequently registered to the OCT-A data based on vessel bifurcations using ImageJ 1.51j-based FIJI (National Institutes of Health, Bethesda, MD, USA). Besides exemption of potentially side-gated papillary areas and peripapillary atrophy, OCT-A images of CC and CH layer were evaluated to exclude images with artifacts (e.g., due to unstable fixation) as well as shadows (e.g., by floaters) from further analysis.
Areas with AFS of at least 1 pixel (originally 4 pixels) were identified by automatic local thresholding with the Phansalkar method 46 using a radius of 13 pixels ( Fig. 2 ; equivalent to 152 lm for the image size of 512 3 512 pixels [6 3 6 mm]) as previously proposed by Spaide. 47 The AFS area fraction for the region inside and the region outside the RPE atrophy in CH and CC OCT-A slabs was then calculated by dividing the number of pixels with AFS by the total number of included pixels of the respective region. Using the ''Analyze Particles'' command, the number and size of AFS areas were further evaluated for CC outside the RPE atrophy. As previously described, 47 the results were logarithmically binned and fitted with a linear trendline that followed the form log 10 (n) ¼ m*log 10 (size) þ b. Hereby, the y-intercept (b) and slope (m) are representative of the number and the proportion of large to small AFS areas, respectively.
Statistical Analysis
Statistical analysis was performed using the software environment R (version 3.2.3; R Foundation for Statistical Computing, Vienna, Austria). 48 Continuous variables were described by using the mean 6 standard deviation and categorical variables were analyzed using frequency tables. A P value < 0.05 was considered significant.
Mixed-effects models were used to account for the hierarchical nature of the data (eye nested in patient). 49 To assess the significance of the multilevel variable diagnosis (i.e., control, AMD, STGD1) a post hoc test (Tukey) was used. Since the STGD1 patients and controls were slightly younger than the AMD patients (1-way ANOVA with post hoc Tukey honestly significantly different [HSD] test, P < 0.05), the analyses included age as explanatory variable. The AFS area fraction in regions of nonatrophic retina was compared among normal eyes and eyes with AMD and STGD1 with adjustment for age and lesion size. Similarly, the distribution of AFS areas in terms of number and size was compared among normal eyes, eyes with AMD and STGD1 based on the y-intercept (b) and slope (m) fitted to the logarithmically binned data. Further, the AFS area fraction within atrophy was compared between eyes with AMD and STGD1 as well as the ratio (within-to-outside of RPE atrophy) of the AFS area fraction. Last, receiver operating characteristic (ROC) curves were plotted to evaluate the area under the curve (AUC), diagnostic sensitivity, and specificity for the AFS area fraction within atrophy, outside of atrophy, and for the within-to-outside of atrophy ratio of the AFS area fraction. Table 1 . At least two pathogenic or likely pathogenic ABCA4 mutations were identified in three STGD1 patients (23%), one pathogenic or likely pathogenic ABCA4 mutation in combination with a variant of unknown significance was found in seven STGD1 patients (54%), and two variants of unknown significance were detected in one STGD1 patient (8%) whereas only one likely pathogenic ABCA4 mutation was found in two STGD1 patients (15%) ( Supplementary Table S1 ). The frequent c.5603A>T (p.Asn1868Ile) variant recently shown to be associated with STGD1 development, in particular with the late-onset phenotype, 50, 51 was identified in six STGD1 patients. Eleven STGD1 eyes and eight AMD eyes revealed foveal involvement of the RPE atrophy. Correspondingly, visual acuity (LogMAR) was 0.76 6 0.70 in STGD1 and 0.51 6 0.45 in AMD. The deeper choroid layer (CH) slab is relatively concealed due to preserved retinal pigment epithelium and CC decorrelation tails. Therefore, the CH was evaluated only inside the RPE atrophy in this study. Here, STGD1 revealed more pronounced flow signal alterations in both OCT-A layers up to total loss of the dense flow signal texture with uncovered large-callipered vessels (putative Haller's layer), whereas AMD shows a milder rarefaction of the dense flow signal texture with visibility of mid-callipered vessels (putative Sattler's layer), best visible in highlighted images. Outside of the RPE atrophy, both diseases qualitatively show multiple spots with reduced flow signal that are most pronounced in proximity to foci of RPE atrophy. Of note, these changes are more obvious in AMD. The thresholded images were obtained using the Phansalkar method (radius of 13 pixels [corresponding to 152 lm]) to identify areas with absence-of-flow signal. 46, 47 
RESULTS
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Absence-of-Flow Signal Outside of RPE Atrophy
Qualitatively, OCT-A images of controls revealed a dense texture of the CC flow signal with a fine granular appearance and evenly distributed small AFS spots (Fig. 2) . Outside the atrophic area, CC flow signal alterations were found in both diseases and appeared to be less pronounced in STGD1 than in AMD. Hereby, AFS spots were more prevalent in proximity to foci of RPE atrophy. These distinct rarefactions of the CC flow signal with prominent AFS spots were associated with the individual presence of flecks or drusen in multimodal imaging, respectively ( Fig. 2 ; Table 2 ).
Quantitatively, a mixed-effects model revealed that the area outside of RPE atrophy and age as well as the diagnosis had a significant effect on the AFS area fraction ( Fig. 3 ; Table  3 ). Subsequently, a significant difference was found between STGD1 and AMD as well as controls and AMD ( Fig. 3 ; Table  3 ). However, the previously described qualitative CC flow signal alterations in STGD1 did not result in a significantly different AFS area fraction compared to controls (post hoc test; STGD1 versus controls: À2.20% 6 À1.63%, P ¼ 0.368; Fig. 3 ; Table 3 ).
Individual Flow Texture Outside of RPE Atrophy
To fully consider the individual CC flow signal texture in areas outside of the RPE atrophy, the number and size of AFS spots were analyzed. In all patients and subjects, the graph displaying the size versus number of these AFS spots was highly skewed, with a high number of miniscule AFS spots and few larger AFS spots suggesting that there is a power law relationship between the AFS size and number ( Fig. 4 ; Table 4 ).
In accordance, the corresponding log-log graphs of all patients and controls showed a linear relationship (R 2 of [mean 6 SD] 0.89 6 0.02 for STGD1, 0.88 6 0.02 for AMD, and 0.89 6 0.01 for controls).
The y-intercept (b) of the linear regression, which reflects the number of AFS spots 100 lm 2 , was dependent on the diagnosis and area outside of RPE atrophy, while age had no distinct influence (Table 4 ). In the post hoc comparison, AMD revealed significant lower y-intercept compared to controls as well as STGD1 ( Fig. 4 ; Table 4 ). The difference between STGD1 and controls was not significant (À0.22 log 10 (n) 6 0.17 log 10 (n), P ¼ 0.380).
The slope (m), which reflects the ratio of miniscule to larger AFS spots, was dependent on the diagnosis and area outside RPE atrophy, while age exhibited no significant effect ( Table 4 ). The slope was significantly less negative in AMD compared to controls and STGD1, indicating the presence of more large AFS spots ( Fig. 4 ; Table 4 ). The difference between STGD1 and controls was again not significant (post hoc test; 0.08 log 10 (n)/ log 10 (lm 2 ) 6 0.06 log 10 (n)/log 10 (lm 2 ), P ¼ 0.401). Results of the mixed-effects model analysis: the fixed effects and 95% confidence intervals for the mixed-effects models that fully accounted for the hierarchical nature of the data (eye nested in patient). Quantitative evaluation of absence-of-flow signal (AFS) showed significant differences of STGD1 and AMD eyes outside RPE atrophy (Area1). Despite nonsignificant differences inside RPE atrophy (Area2) for choriocapillaris (CC) slab and deeper choroid layer (CH) slab, AFS ratio (inside-to-outside of RPE atrophy) was highly significantly different. The P values were obtained using Wald's test (significance codes: ***P < 0.001; **P < 0.01; *P < 0.05).
Absence-of-Flow Signal Within RPE Atrophy
Within the area of RPE atrophy secondary to STGD1 and AMD, the flow signal was qualitatively rarefied or even totally absent, both in the CC-slab and the CH-slab. Qualitatively, the flow signal rarefaction appeared to be more pronounced in STGD1 compared to AMD (Fig. 2 ). Yet, in quantitative analysis, these higher absolute AFS area fractions ( Table 2 ) did not meet significance levels for the CC-slab as well as the CH-slab ( Fig. 3 ; Table 3 ).
Ratio of Absence-of-Flow Signal Area Fraction
The opposing properties of AFS in STGD1 and AMD concerning the CC-slab within and outside the area of RPE atrophy suggested that the ratio of the AFS area fractions could provide better diagnostic accuracy than the AFS area fractions themselves (Table 2) . Hereby, STGD1 patients exhibited a markedly higher AFS ratio. Of note, the lesion size had also an influence on this specific ratio in our cohort ( Table 3) .
Diagnostic Accuracy
Finally, ROC curves concerning the diagnostic accuracy of STGD1 and AMD were calculated for the area fraction of AFS outside the RPE atrophy and inside the RPE atrophy as well as for the AFS ratio. For the area fraction of AFS outside the RPE atrophy (AUC of 0.65) and area fraction of AFS inside RPE atrophy (AUC of 0.635), the diagnostic accuracy was similar. The highest differences between STGD1 and AMD could be found when the AFS ratio was considered (AUC, 0.804; Fig. 5 ). Hence, both disease entities could be separated with 65.0% sensitivity and 92.3% specificity, using a threshold of 0.73 for the AFS ratio. In order to exclude ''shadow artifacts'' as potential confounder, we used a further conservative approach by exclusion of all areas of flecks and drusen for analysis. Methods and results of this approach are presented in Supplementary Material. Briefly, similar overall results were obtained.
DISCUSSION
This OCT-A study aimed at quantitative comparison between the choroidal flow signal in RPE atrophy secondary to late-onset STGD1 and AMD. We use an exploratory approach with different novel analysis strategies for detection of AFS that may reflect rarefaction of choroidal vasculature. Specifically, the approach included removal of decorrelation tail artifacts and optimization of the signal-to-noise ratio by downsizing of the images as well as compensation for signal attenuation by consideration of structural data. Additionally, a further conservative approach by exclusion of all areas of flecks and drusen was used to exclude ''shadow artifacts'' as potential confounder (Supplementary Material). Despite mimicking phenotypic manifestations of late-onset RPE atrophy, distinct differences . Analysis of the vascular texture. The exemplary images were obtained through adaptive local thresholding (Phansalkar method, radius of 13 pixels [corresponding to 152 lm]) to identify areas with absence-of-flow signal (AFS). 46, 47 The area of RPE atrophy (highlighted in green) was excluded from the analysis. The dot plot shows the log-log size-frequency distribution of the areas of AFS for the three exemplary images and the linear regression lines. 47 Please note, the exemplary AMD eye shows the flattest linear regression indicating a relatively higher proportion of larger areas with AFS compared to the STGD1 eye and control eye. The lower figure parts show the fixed effects and 95% confidence intervals of the mixed-effects models describing the y-intercept and slope of the linear regression lines ( Table  4 ). The P values were obtained using Wald's test (significance codes: ***P < 0.001; **P < 0.01; *P < 0.05).
between the two disease entities indeed were found regarding the AFS that may reflect rarefaction of choroidal vasculature. These differences were most pronounced outside of the RPE atrophy. Here, ''absence-of-flow signals'' was more pronounced in AMD, while inside RPE atrophy the absence of flow was more pronounced in STGD1. Within areas of RPE atrophy, our findings are in line with recently published qualitative data that also found extensive alterations resulting in a loss of the CC flow signal texture indicating a putative loss of the CC and Sattler's layer in STGD1, whereas AMD patients showed only a rarefied CC flow signal texture. 30 These differences may also explain the hypofluorescence in areas of RPE atrophy during late phases of ICGA in STGD1, known as ''dark atrophy.'' 28 Previously, slower progression of RPE atrophy in STGD1 as compared to AMD was observed, implicating a relatively earlier onset of RPE atrophy in late-onset STGD1 as compared to AMD. 52 Potentially, this difference in disease duration may explain to some extent the diverging degree of vascular density within RPE atrophy between these two disease entities.
Differences in the flow signal texture between the two diseases might also arise from differential pathomechanism. The preserved dense vascular network outside the RPE atrophy in STGD1 is compatible with the hypothesis of a primary outer retinal pathology followed by secondary atrophy of the choroid. Accordingly, choroidal thinning was shown to be absent in STGD1 eyes with mild phenotypes, but occurs in eyes with widespread disease manifestations and respective RPE atrophy, suggesting a diffusible factor from the RPE sustaining the choroidal structure as well as highlighting the importance of the complex interplays of outer retina, RPE, and choroid. 18, 53, 54 Histopathologic studies of STGD1 are sparse and are missing for late-onset disease manifestation. Nevertheless, all reports so far describe a loss of CC within areas of RPE atrophy and preserved CC outside of RPE atrophy, compatible with our findings as we found no differences between STGD1 and controls outside of RPE atrophy. [21] [22] [23] In contrast, AMD revealed reduced CC flow signal outside of RPE atrophy in this in vivo study as previously described by histologic data, suggesting that CC breakdown might precede outer retinal degeneration in AMD. 25 However, histologic studies concerning the CC outside of RPE atrophy in AMD report inconsistent results, which may be a result of AMD being a complex disease caused by differing underlying pathomechanisms. 9, 24, 25 Regarding biomarkers to predict disease progression, OCT-A alterations might not be suitable for STGD1, since no statistically significant differences for AFS area fraction outside of RPE atrophy between STGD1 and controls were found. With current understanding of the pathomechanism, 4,5,55 measurement of lipofuscin accumulation might be more useful. As elevated FAF intensity is the first measurable change in STGD1, 55 the innovative in vivo imaging modality of quantitative FAF appears to be more suitable in this particular context. [56] [57] [58] [59] In AMD, the distinct alterations of the CC flow signal texture outside of atrophy might potentially be indicative of choroidal alterations beyond the area of complete RPE atrophy. A longitudinal comparison of these OCT-A alterations with the established FAF characteristics as prognostic determinants seems warranted. [60] [61] [62] Most recent advances in research led to currently ongoing and forthcoming trials probing new therapeutic strategies for STGD1 including visual cycle inhibitors, deuterated vitamin A, and gene therapy, [12] [13] [14] [15] as well as complement inhibition and neuroprotection for late-stage dry AMD (Ghosn C, et al. IOVS 2017;58:ARVO E-Abstract 1960). 16 In order to avoid incorrect inclusion of patients leading to potential misinterpretation, differentiation of mimicking phenotyping features in STGD1 and AMD is crucial. 11 Multimodal imaging is an essential tool for assessing patients with retinal degenerations. 63 Regarding FAF, STGD1 may often be easily identified based on characteristic phenotypic features such as flecks, peripapillary sparing, and elevated FAF intensity. [55] [56] [57] [58] [59] 61, 64 In contrast, AMD reveals different FAF patterns and low to low-normal FAF intensity. 61, 65 While good diagnostic separability is given for STGD1 and AMD based on FAF imaging and genetic testing, the study presented here outlines a framework that may now be used for subphenotype analysis within disease entities. For example, choroidal insufficiency has been previously implicated in the pathogenesis of subphenotypes within the spectrum of AMD including ''reticular macular disease'' and ''diffuse-trickling geographic atrophy'' based on indocyanine green and fluorescein angiography findings, pronounced choroidal thinning, and cardiovascular comorbidity. [33] [34] [35] [36] [37] Age, log 10 (n)/log 10 (lm 2 )/y 0.003 0.002 0.125 Area1, log 10 (n)/log 10 (lm 2 )/mm 2 À0.018 0.004 <0.001 Diagnosis STGD1 vs. AMD, log 10 (n)/log 10 (lm 2 ) À0.124 0.055 0.026 Control vs. AMD, log 10 (n)/log 10 (lm 2 ) À0.202 0.053 <0.001 * Standard error. Limitations of this study need to be considered. While STGD1 and AMD patients exhibited phenotypic differences inside of RPE atrophy, these differences appeared to be not adequately quantified by the AFS area fraction. As mentioned previously, larger choroidal vessels (putative venous vasculature from Haller's layer) shift to more superficial layers in RPE atrophy secondary to STGD1. 18 Thus, large-caliber Haller's layer vessels were observed in the CC-slab (Fig. 2) of STGD1 and therefore counted as flow signal resulting in an overestimation of the flow signal in STGD1. Further, hyperreflective material within RPE atrophy, that potentially shadows the signal, was more common in AMD than STGD1. Therefore, the higher flow signal within RPE atrophy in AMD as compared to STGD1 most likely represents a conservative estimate. Concerning the AFS spots outside of RPE atrophy, concerns might arise that shadow artifacts may as well confound the results. The OCT device used in this study deploys a longwavelength swept source (~1050 nm) providing presumably enhanced detection of signals from the deeper layers. 66 Therefore, deeper choroidal vessels were frequently visible in regions with CC flow signal loss (Figs. 2, 3 ), suggesting that at least in this subset of AFS spots, sufficient signal was available for detection of ''true'' CC dropout. Indeed, a recent study demonstrated that significantly fewer drusen are associated with reduced or absent flow signal in swept-source OCT compared to spectral-domain OCT. 67 Furthermore, the conservative approach via exclusion of all regions with a given RPEdrusen complex thickening from the analysis (cf. Ref. 47) yielded similar results. This indicates that it is rather unlikely that the results are secondary to shadow artifacts or RPE reflectivity. Nevertheless, the primary conservative analysis could bias the results, since reduced vascular density was shown colocalize to drusen in histologic studies. Accordingly, exclusion of these areas would lead to an overestimation of the vascular density. 68 In conclusion, using the present exploratory approach, this study provides evidence that phenotypic features on OCT-A imaging allow for differentiation between RPE atrophy secondary to STGD1 versus AMD that could support the selection of patients for emerging interventional trials. [12] [13] [14] [15] [16] Further, these results suggest a differential role of the choroid in the pathogenesis of RPE atrophy secondary to STGD1 and geographic atrophy secondary to AMD that could interfere with treatment strategies. Especially in STGD1, severe degeneration of the CC within RPE atrophy could interfere with therapies aiming for replacement of photoreceptor and RPE cells. 15 In AMD, the results shown here, albeit only crosssectional, are compatible with vascular changes preceding RPE atrophy. Consequently, longitudinal studies in AMD investigating the precise temporal relationship between flow signal alterations in OCT-A, deposit formation in SD-OCT, and RPE atrophy in FAF seem warranted.
